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ABSTRACT

A bank-to-bank pursuit controller provides rapid and
precise pursuit steering control toward a target point
with direction substantially different from the vehicle
direction of travel using positive lift load factors be-
tween zero and a specified maximum to generate com-
mands which rotate the vehicle toward the target point
at every instant of time.
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FIGURE 2
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LARGE ANGLE, GRAVITY COMPENSATED,
BANK-TO-TURN PURSUIT CONTROLLER

The Government has rights in this invention pursuant
to Contract No. F33615-79-C-3622 awarded by the

Department of the Air Force.

- BACKGROUND OF THE INVENTION |

l. Field of the Invention
This invention relates to bank-to-turn pursuit control-

- lers for fixed wing aircraft and missiles, and more par-.
ticularly, to such a pursuit controller capable of provid-
ing rapid and precise pursuit steering control for sub-
stantially lift supported vehicles operating in the pres-

ence of a gravitational field.

2. Description of the Prior Art

Present bank-to-turn pursuit controllers for fixed
wing aircraft and missiles use ad hoc corrections to

‘compensate for gravitational influence. These consist of

“gravity bias” and “‘up elevator” corrections applied

‘within the controller. Total lift load factor is limited by
a saturation element in the command path. Bank angle
eommands are developed in a manner that bank ang]e'

the bank angle and hft load factor command_s ge_nerated
by the pursuit controller.

the present bank-to turn pursuit controllers to appllea-
- tions wherein vertical path angles are modest (e.g., 24:30
~ degrees), wherein bank angles used are modest (e.g.,

+60 degrees), and wherein the angular separation be-

tween the aircraft direction of travel and the. direction

Consequently, therefore, a need exists for a large

angle, gravity compensated bank-to-turn pursuit con-

troller.
It is therefore an object of the present invention to

provide a bank-to-turn pursuit controller which is effec--

tive for essentially all vertical path angles except zenith
and nadir.

it is a further object of the present invention to pro-
vide a bank-to-turn pursuit controller capable of utiliz-
ing the full range of aircraft bank angles.

It 1s a further object of the present invention to pro-
vide such a bank-to-turn pursuit controller which is
equally effective for pursuit steering toward a target
pomt with direction substantially different from the
vehicle direction of travel as well as toward a target
point which i1s in a direction nearly the same as the
vehicle direction of travel.

It 1s a still further object of the present invention to
provide a bank-to-turn pursuit controller which elimi-
nates the need to use negative lift and which uses no
more positive lift than an amount selected as an upper
limit.

It 1s a still further object of the present invention to
provide such a bank-to-turn pursuit controller which
provides precise compensation for gravitational influ-
ence upon the lift magnitude and orientation required
for pursuit steering and which provides commands to
rotate the vehicle direction of travel toward the target
point 1n a systematic manner at every instant of time.

Other objects and advantages of the present invention
will become apparent as the description thereof pro-
ceeds.

R

2
- SUMMARY OF THE INVENTION

In accordance with the present invention, there is
provided a system for accomplishing bank-to-turn pur-

suit steering of an aircraft. Included are means for gen-
erating a lift-load factor attenuation signal and means

~ for generating first and second signals representing the
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components of commanded path turn rate compensated -
for gravitational path turn rate, the first and second

signals being dependent upon the lift load factor attenu-
ation signal. Also included are means for generating a
lift load factor command signal which is less than or

equal to a predetermined upper limit, the generating

means having inputs of the first and second signals. Also
included are means for generating a bank angle com-
mand signal appropriate for use with the lift load factor
command signal, the generating means having inputs of
the first and second signals.

BRIEF DESCRIPTION OF THE DRAWING
In the accompanylng drawing:

FIG. 1 shows in block diagram form the mterrelatlon -

of the various components of the bank-to-turn pursuit
steering controller 1n accordance with one form of the
preferred embodiment of the present invention;

FIG. 2 shows the orientation relationship among

- aircraft body axes; x, y, z; aircraft flight path axes; v, q,
r; and grawtatlonal vertical, g, in terms of the angles of

. attack, a; sideslip, B; and vertical path angle, ; and
30'

bank angle, ¢; |
FIG. 3 shows definitions of aircraft vertical path

- angle, @ (i.e., elevation of aircraft direction of travel),

35
“turn plane for another form of the preferred embodi- -
‘ment of the present invention, as established by unit

45
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target relative bearing, J., and elevation of the line of

sight from aircraft to target, é.;
- FI1G. 4 shows the geometry of the desired aircraft

vectors in the aircraft direction of travel, v, and in the
direction of the line of sight, t, from aircraft to target, as
well as defining the target angle, T;

FIG. 5 1s a schematic diagram representing the circuit
of the trial 1ift load factor command generator of FIG.
1 and the circuit of the Iift load factor command genera-
tor, also of FIG. 1, which is activated when certain
conditions upon the trial lift load factor command signal
are satisfied;

FIG. 6 is a schematic diagram representing the circuit
of the bank angle command generator of FIG. 1;

FIG. 7 is a schematic diagram representing the circuit
for modifying the lift load factor command signal out-
put of FIG. 1;

FIG. 8 is a schematic diagram representing the circuit
which combines the functions of the trial lift load factor
generator and the systematic adjuster, both of FIG. 1;

FIG. 9 is a schematic diagram representing the circuit
for generating the scale factor used in FIG. 10; and

FIG. 10 shows 1n block diagram form the interrela-
tion of the various components of the bank-to-turn pur-
suit steering controller in accordance with another form
of the preferred embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

In accordance with the present invention, and refer-
ring now to FIG. 1 of the drawing, there is shown, in
block diagram form, the preferred embodiment of the
large angle, gravity compensated, bank-to-turn pursuit
controlier of the present invention. Means are provided
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for generating first and second signals representing the
components of commanded path turn rate compensated
for gravitational path turn rate, the first signal 1 repre-
senting the component of commanded path turn rate in
the transverse plane and the second signal 2 represent-
ing the component of commanded path turn rate in the
vertical plane as compensated for gravitational path
turn rate 8. First and second signals 1 and 2 are depen-
dent upon a lift load factor attenuation signal 3, which is
generated in a systematic adjuster 15. Means are pro-
vided for generating a lift load factor command signal
16 and such may take the form of lift load factor com-
mand generator 14 which has inputs of first signal 1 and
second signal 2 as well as signals representing aircraft
speed 10, gravitational acceleration constant 11 and an
enabling signal 19. Lift load factor command signal 16 is
less than or equal to a predetermined upper limit 9.

Means are also provided for generating a bank angle
command signal 17 appropniate for use with the lift load
factor command signal 16, and such may take the form
of bank angle command generator 18, which has inputs
of the first and second signals 1 and 2 respectively, and
the enabling signal 19.

Means are provided for generating a trial lift load
factor command signal 13 which takes the form of trial
lift factor command generator 12 having inputs from
the first and second signals 1 and 2. Means are also
provided for comparing the trnial lift load factor com-
mand signal 13 with a predetermined upper limit 9 and
for modifying lift load factor attenuation signal 3 when
signal 13 exceeds the predetermined upper limit and
such may take the form of systematic adjuster 15.

Two distinct definitions for first and second signals
are given. The first and second signals represent the
components, in a roll stabilized axis system, of com-
manded path turn rate in the transverse and vertical
planes, respectively. For the purposes of the present
invention, the vertical and transverse planes containing
the commanded path turn rate components are each
understood to contain the aircraft velocity vector, and
the transverse plane is further understood to be perpen-
dicular to said vertical plane. Further, for the purposes
of the present invention, the terms “path turn rate’ and
“angular velocity of the aircraft velocity vector” are

10
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interchangeable. Still further, the aircraft direction of 45

travel 1s understood to have the direction and sense of

the aircraft velocity vector.

In the first of these alternative definitions, the aircraft
i1s steered along a path such that the vertical path angle
rate of change is proportional to the difference between

the vertical path angle and the elevation of the line of

sight from the aircraft to the target as determined in a
vertical plane, and path turn rate in the transverse plane
bears the same proportional relationship to the bearing

50

of the target with respect to the aircraft direction of 55

travel as determined in the horizontal plane.

Referring to FIG. 1, first signal 1 representing the
component of commanded path turn rate in the trans-
verse plane is formed as the product of: a signal 5 repre-
senting target bearing angle between a vertical plane
containing the aircraft direction of travel and the verti-
cal plane containing the line of sight from the aircraft to
the target; a predetermined dynamic performance pa-
rameter 4; a signal 6 representing the cosine of vertical
path angle; and the lift load factor attenuation signal 3.

Second signal 2 representing the component of com-
manded path turn rate in the vertical plane as compen-
sated for gravitational path turn rate is formed as the

60

65
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product of: a signal 7 representing the angular differ-
ence between target elevation as determined in a verti-
cal plane containing the aircraft and the target, and the

elevation of the aircraft direction of travel as deter-
mined in a vertical plane; the predetermined dynamic
performance parameter 4; and the lift load factor attenu-
ation signal 3; combined with a signal 8 representing
gravitational path turn rate.

In the second of the alternative definitions for the first
and second signals 101 and 102 of FIG. 10 representing
the components of commanded path turn rate in the
transverse and vertical planes, respectively; the aircraft
15 steered such that the aircraft direction of travel is
commanded directly toward the target point at every
instant of time.

Referring now to FIG. 10, first signal 101 represent-
ing the component of commanded path turn rate in the
transverse plane 1s formed as the product of: a signal 121
representing the sine of target bearing angle between a
vertical plane containing the aircraft direction of travel
and a vertical plane containing the aircraft and the tar-
get; a signal 122 representing the cosine of elevation
angle for the line of sight from the aircraft to the target
as determined in the vertical plane containing said line
of sight; a signal 91 representing the ratio of the magni-
tude of an angle between the aircraft direction of travel
and the line of sight from the aircraft to the sine of said
angle; a predetermined dynamic performance parame-
ter 4; and the lift load factor attenuation signal 103.

Second signal 102 representing the component of
commanded path turn rate in the vertical plane as com-
pensated for gravitational path turn rate is formed as the
product of: a third signal 123; the signal 91 representing
the ratio of the magnitude of the angle between the
aircraft direction of travel and the line of sight from the
aircraft to the target to the sine of said angle; the prede-
termined dynamic performance parameter 4; and the lift
load factor attenuation signal 103; combined with a
signal 8 representing gravitational path turn rate. The
third signal 123 is the product of the signal 6 represent-
ing the cosine of the aircraft vertical path angle, and a
signal 124 representing the sine of elevation angle for
the line of sight from the aircraft to the target as deter-
mined in the vertical plane containing said line of sight,
combined with the product of a signal 125 representing
the sine of the aircraft vertical path angle, the signal 122
representing the cosine of elevation angle for the line of
sight from the aircraft to the target as determined in the
vertical plane containing said line of sight, and a signal
126 representing the cosine of target bearing angle be-
tween a vertical plane containing the aircraft direction
of travel and the vertical plane containing the aircraft
and the target.

Dynamic performance parameter 4 determines the
maximum small signal bandwidth of the pursuit steering
controller. Its value is free to be chosen for each partic-
ular application. Lift load factor attenuation signal 3, in
FIG. 1and 103 in FIG. 10, takes on values between zero
and one to satisfy the constraint that the positive lift
load factor command, 16 in FIG. 1 and 116 in FIG. 10,
not exceed predetermined upper limit 9. This upper
limit value is free to be chosen for each particular appli-
cation.

Referring again to FIG. 1, signal 10 representing
vehicle speed and the gravitational acceleration con-
stant 11 and first and second signals 1 and 2 are com-
bined 1n the trial lift load factor command generator 12
to obtain the trnial lift load factor command signal 13.
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The value used for the lift load factor attenuation signal
3 1s unity as mnputted at 20 if that value results in a trial
lift load factor command signal 13 which is less than or
equal the predetermined upper limit 9. If the trial Iift
load factor command signal 13 exceeds the upper limit
9 for a lift load factor attenuation signal of 1.0, then a
lesser positive value for the lift load factor attenuation
signal 3 1s found by a systematic adjustment procedure
In systematic adjuster 15 which results in a trial lift load
factor command signal 13 equal to the predetermined
upper himit 9. In either event, the final value of the trail
lift load factor command signal 13 obtained in the man-
ner above 1s used as the actual lift load factor command
signal 16. The corresponding final values for first and
second signals 1 and 2 are used to obtain the bank angle
command signal 17. That 1s, the bank command signal
17 1s determined by bank angle command generator 18
such that the transverse component of commanded lift
load factor and first signal 1 are in the same proportion
to one another as are the component of commanded lift
load factor which lies in the vertical plane containing
the vehicle direction of travel and second signal 2.
The following is a description of the mathematical
theory underlying the design of the command genera-
tion circuits in FIGS. 1, 5, 6, 7, 8, 9, and 10, and refer-
ence should be made generally thereto.
Q,R: Pitch and yaw rates, respectively, of the aircraft
velocity vector
V. Aircraft speed
g: Gravitational acceleration
¢: Aircraft bank angle
8,0: Absolute elevation and bearing, respectively (for
aircraft velocity vector without subscript, for tar-
get point with ¢ subscript)
( 7 ): Derivative with respect to time of ( )
( ) Commanded value of ()
k: Lift load factor attenuation parameter
K: Dynamic performance parameter (smallsignal
control bandwidth)
N,: Aircraft lift load factor
N?2.: Modified aircraft lift load factor command

T: Magnitude of angle between aircraft direction of

travel and line of sight from the aircraft to the
target
P: Roll rate of aircraft about its velocity vector
: Constant, 3,1416. ..
v: Unit vector 1 the atrcraft direction of travel
t: Unit vector in the direction of the line of sight from
aircraft to target
F: Scale factor
C: Cosine of angle, T
( Jvgr Alrcraft flight path axis components of the
~ vector, (), respectively
T: Vector representation of angle between aircraft
direction of travel and line of sight from aircraft to
target
a,B: Aircraft angles of attack and sideslip, respec-
_ hvely
x,¥,z: Unit vectors defining the aircraft body-fixed
~ axis coordinate system
g: Gravity vector
V. Aircraft velocity vector
‘The relationship between aircraft body-fixed axes and
aircraft flight path axes i1s described in terms of the
aircraft angles of attack, a, and sideslip, 8. These axis
systems and angles are shown in relation to an aircraft in
FIG. 2. The orientation of the aircraft flight path axis
system relative to gravitational vertical, g, is established
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6

by aircraft bank angle, ¢, and vertical path (or eleva-
tion) angle, 6. Orientation of the aircraft flight path axes
to the gravitational vertical is also shown in FIG. 2.

In coordinated fhight, lateral acceleration (normal to
the aircraft plane of symmetry) is zero. This results in
yaw rate of the aircraft velocity vector which is:

R=(g/V) cos 8 sin ¢

The normal lift load factor, (1/g) times normal accelera-
tion, is:

N=VQ/g+cos 8 cos ¢

First Alternative Definition of Commands

Vertical and horizontal plane components of the air-
craft velocity vector turn rate are respectively:

0 =cos ¢ O—sin ¢pR

.

Y=(cos ¢/cos @)R +(sin b/cos 8)Q

If aircraft velocity vector pitch and yaw rates com-
mands are selected such that

Q.=kK[cos ¢8.+sin ¢ cos G,
and
R.=kK[cos ¢ cos Ii.—sin $O,)

further, if Q and R are perfectly controlled to the com-
manded values, Q. and R, respectively, by a flight con-
trol system; then

6=kK eg

and

1!’=kK \UE

as may be determined by substituting Q. and R, for Q
and R, respectively, in the 6 and { equations. |

If a target point i1s located in an absolute angular
direction by horizontal plane bearing angle, Y., and
vertical plane elevation angle, Yi; then Yye=y,.—y re-
lates the horizontal plane relative bearing to the target
poimnt absolute bearing and the velocity vector absolute
bearing, and 0.=0.—0 relates the difference in vertical
plane elevations to the target absolute elevation and the
absolute velocity vector elevation. The relationships
among these quantities are shown in FIG. 3.

For K a constant and a value of k which is continu-
ously equal to 1.0, transfer functions relating the bearing
and elevation to the absolute target angles are:

0/6.=K/S+K)
U/ o=K/AS+K)
$/0,=0
8/4=0

These transfer functions establish the bandwidth of the
control process as K radians/unit time, and the indepen-
dence of bearing and elevation control.

Again considering Q and R as perfectly controlled to
the commanded values Q. and R, respectively, by the
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flight control system, the equations for R and N; are
used to eliminate Q. and R, in the command equations
by substitution.

gN,/V—g cos @ cos ¢/V =kK[cos $pBe+sin ¢ cos
0us,)

g/V cos 8 sin d=kK[cos & cos di,—sin d8,]

If the first of the above pair of equations is multiplied by
sin ¢ and the second is multiplied by cos ¢, and the two
resulting equations are added, the following equation is
obtained.

(g N-sin ¢/ V=K cos 8y,

If the first equation of the above pair 1s multiplied by
cos ¢ and the second is multiplied by (—sin ¢), and the
two resulting equations are added, the following equa-
tion is obtained.

(g N;cos ¢/ V=LK B.+(g cos 8)/V

The bank angle which solves the two equations immedi-
ately above can be regarded as a bank angle command,
.. The ratio of the last two equations when solved for
¢ with ¢ =, results in:

1 kKCQSBwE
= @n- " 7K8, + (gcosd)/V

The signal 17 representing the bank angle command, ¢,
1s generated by the bank angle command generator 18 in
the block diagram of FIG. 1. FIG. 6 is a schematic
diagram representing a circuit for generating the bank
angle command signal 17 upon receipt of the enable
signal 19. The nonlinear function 61 in FIG. 6 generates
an output signal 62 representing the angle whose tan-
gent 1S represented by the input signal 63.

If the Iift load factor is required to be positive, the
above equation for ¢, has four quadrant validity with
consideration of the signs of the numerator and denomi-
nator of the inverse tangent function argument.

If the positive square root of the sum of the squares of
the same two equations is formed and solved for N,
that value of N; can be regarded as a lift load factor
command, N

N,e = V/g N (kKcosBu)? + (kKB, + [gcos8l/ V)2

The signal 16 representing lift load factor command,
Nz, 1s generated by the lift load factor command gener-
ator 14 1n the block diagram of FIG. 1. FIG. S is a
schematic diagram representing a circuit which may be
used for generating the lift load factor command signal
16 upon receipt of the enable signal 19. In this applica-
tion of the circuit, the output signal 51 is the signal
denoted by 16 1n FIG. 1.

A predetermined upper limt, N; 0, can be imposed
upon N;. by means of the lift load factor attenuation
parameter, k. Consider N to be a function of k, N;.(k),
and ¢, to be a function of k, é(k). If N,(1) is less than
or equal to N; nmgax, then Nz (1) and $(1) are acceptable
commands. However, if Nz (1) is greater than N; 4x, 1t
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is necessary to solve for k such that N;(k)=N;z max toO
obtain acceptable commands. When these conditions
are satisfied, the enable signal 19 in FIG. 1 is set. Other-
wise, the enable signal is clear. This solution for k can be

accomplished by numerical search, iteration or direct
computation. The direct computation method solves
the N, equation for k with N set equal to N; ;qx. The
result 1s:

‘l(Nﬁmﬂx — c0820)(0e2 + Ye?cos20) + B.%c0s*0 — B.cos

k =
KV(0 + W cos?0)/g

A circuit which may be used for generating the lift
load factor attenuation signal 3 (representing the lift
load factor attenuation parameter, k) by the direct com-
putation method is shown in the schematic diagram of
FIG. 8. When this direct computation method is imple-
mented, the circuit of FIG. 8 replaces items 12, 13, 15,
and 20 in the block diagram of FIG. 1, and the enable
signal 19 1s always set.

The bank angle command, ¢.(k), 1s then computed
for the above value of k, and the lift load factor com-
mand, Nz(k), 1s less than or equal to Nz max.

Second Alternative Definition of Commands

Define the desired aircraft turn plane as containing
the unit vectors in the aircraft direction of travel, v, and
in the direction of the line of sight from the aircraft to
the target, t. This definition of the desired turn plane is
shown in FIG. 4. Let target angle, T, be the magnitude
of the angle between v and t. Target angle, T, is

where T has two-quadrant validity in consideration of
the sign of v.t. Target angle may also be represented as
a vector, T, given by:

“*ﬂ

v % 1

= T = -
v L

T =T

S

Aircraft flight path axis components of T are
[ y=0

Ty=Flcos d(cos 0 sin 8.~sin 6 cos 6. cos Wi,)+sin
8(cos 8, sin Y,)]

Tr= Flcos d(cos 8, sin Wi,)—sin 8(cos & sin 8,—sin 8
cos 6. cos W,)]

as may be verified by evaluating the vector cross- and
dot- product components using a value for the scale
factor, F, given by:

F sgn{C)sin — ! ‘1 1 — C° + [1 — sgn(O)]w/2
N'1 - &

C = vt = cosBcos@ . cosv,. + sinfsinf,

This 1s equivalent to:

Fe=(sin T/ |




4,511,972

9

A signal 91 representing the scale factor, F, may be
generated by the circuit represented in the schematic
diagram of FIG. 9. The generated signal 91 is an input
to the block diagram shown in FIG. 10. The nonlinear
function 92 in FIG. 9 generates an output signal 93
representing the angle whose sine is represented by the
input signal 94.

If aircraft velocity vector pitch and yaw rate com-
mands are selected such that

and
R€=k K Tr,

then the aircraft velocity vector turn rate command is in
the desired turn plane. Consequently the aircraft veloc-
ity vector is commanded directly toward the target at
every instant of time.

If Q and R are perfectly controlled to the com-
manded values, Q. and R, respectively, by a flight con-
trol system; and the target is sufficiently far from the
aircraft that the aircraft flight path axis components of T
are approximately Q. and R¢; for K a constant and a
value of k which is continuously equal to one, the trans-
fer function relating target, T, angle to its initial value,
T,, 1S:

I/ Ty=1/{S+K)

This transfer function establishes the bandwidth of the
control process as K radians/unit time.

Again considering Q and R as perfectly controlied to
the commanded values Q. and R, respectively, by the
flight control system; the equations for R and N, are
used to eliminate Q. and R, in the command equations
by substitution. Upon solving for (gNzsin ¢)/V and for
(gN:cos ¢)/V:

(gN;sin &)/ V=kKF cos @, sin ¥,

(gN; cos &)/ v=kKF(cos 6 sin 8,—sin 0 cos €. cos
Ue)+ (g cos 68)/V

The remaining steps in obtaining the bank angle com-
mand, &, and the lift load factor command, N, are
identical to those used in the case of the first alternative
definition of commands. The results are:

kKFcasfsiny,

— — 1 e e~ v B —yaeres—a
O = N T cosOsmB, — snBcos0.costs) + (2c0s6)/ V]

Ny = V/g{[kKFcosOsing,)? + [kKF(cosOsing, —

sinfcosfcose) + (gcosh)/ VZ]}

\ (Nﬁmm — cos0)a + b — b
K= KFVa/g
g = cos?Osin2l, + cos20sin0, + sin20cos6 cosl, —
2cosfsinf sinfcosf cosyi,

b = (cosBsin8, — sinfcosB cosw,)cosd

The signals 116 and 117, respectively, of FIG. 10 repre-
senting lift load factor command, N, and bank angle
command, ¢, are generated by the lift load factor com-
mand generator 114 and the bank angle command gen-
erator 118 of FIG. 10. FIG. 5 represents a circuit which
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may be used for generating the lift load factor command
signal 116 upon receipt of the enable signal 119. In this
application of the circuit, signals 1, 2, and 51 in FIG. 5
are replaced by signals 101, 102, and 116 respectively.
The circuit of FIG. 6 may be used for generating the
bank angle command signal 117 upon receipt of the
enable signal 119. In this application of the circuit, sig-
nals 1, 2, and 17 in FIG. 6 are replaced by signals 101,
102, and 117 respectively.

When the load factor attenuation parameter, k, is
determined such that k takes on the maximum value
between zero and one, and the trial lift load factor com-
mand is less than or equal to the predetermined upper
limit, N, ,,4x, the enable signal 119 in FIG. 10 is set.
Otherwise, the enable signal is clear.

A circuit useful for generating the lift load factor
attenuation signal 103 (representing the lift load factor
attenuation parameter, k) by the direct computation
method 1s shown in FIG. 8. In this application, signal 3
in FIG. 8 is replaced by signal 103, and signals 82 and 83
in FIG. 8 are replaced by signals representing quantities
a and b, respectively, as defined by the above equations.
When this direct computation method is implemented,
the circuit of FIG. 8, as described above, replaces items
112, 113, 115 and 20 in the block diagram of FIG. 10,
and the enable signal 119 is always set.

Application of Commands to Flight Control System

The resulting commands can be coupled to the air-
craft flight control system according to the following
equations:

O = g(Nz — cosfcosd)/V
P, = Kgp(d — ¢) — tanf(Qsing + Rcosd)
= Kda(d’c — &)

In certain circumstances it may be desirable to replace
the lift load factor command, N, with a modified lift

load factor command, NZ.

Modified Lift L.oad Factor Command

The lift load factor command, N,., may be used as it
stands. However, with additional processing, a modi-
fied lift load factor command, N%. is obtained which
minimizes the path turn rate error during the bank an-
gle, ¢, response transient. The modified lift load factor
command, N%, can be used in place of the (unmodified)
lift load factor command, N, in the above equations
describing command coupling to the aircraft flight con-
trol system. This feature has significant appeal for appli-
cations where precise path control is required.

When the modified lift load factor command is used
in place of the unmodified command, the effect is to
unload the aircraft substantially during the bank angle
response transient while large changes in aircraft bank

angle are commanded.
Minimization of path turn rate i1s equivalent t0 mini-

., mizing the square of the path turn rate error which is:

65

[(Qc cos dc— R sin ) —(Q cos ¢—R sin '11{’)]2
+{(Qc sin G+ R cos ¢po)—(Q sin ¢+ R cos ¢))?

The quantities in parentheses are the components of
path turn rate in a roll stabilized axis system. The differ-
ences are between commanded and actual turn rate



4,511,972
11

components. If the aircraft is flown in a coordinated
manner and if the pitch rate response, Q, to the modified
lift load factor command, Nz, is immediate then:

R=g/V cos & sin ¢ 5

Q=g/V (Nz;.— cos 8 cos &)

12

Means for generating first and second signals repre-

senting the components of commanded path turn
rate in horizontal and vertical planes respectively,
each compensated for gravitational path turn rate,
the said first and second signals varying in response
to and as a function of the lift load factor attenua-
tion signal;

Means for generating a lift load factor command

Qc=g/V (NE— cos 6 cos ¢¢)

R-=g/V cos @ sin ¢, 10

Substitution of the four equations above into the expres-
sion for the square of the path turn rate error results in:

(/V)? [NE2—2 N Ny cos (de— b)Y+ Nzl 15

This quantity is minimized with respect to Nz-subject to
the restriction that

»
NemaxZENgpe =

20

by:

Nze= Nz O (Po—P), cos (b,—d)=0

2.

signal which is less than or equal to a predeter-
mined limit, the said lift load factor command sig-
nal generating means having inputs from the first
and second signals and a gravitational and aircraft
performance input component;

Means for generating a bank angle command signal

for use with the lift load factor command signal,
the said bank angle command signal generating
means having inputs of the said first and second
signals, and adjusted as a function of the lift load
attenuation command signal;

and means for coupling said bank angle command

signal and said lift load factor command signal to
the aircraft bank and lift adjusting surface control
elements to modify the aircraft bank angle and lift.
The system of claim 1 wherein the initial value of

25 the lift load factor attenuation signal is unity.

Nzt*=0~ cos (@— ) <0

3.

The system of claim 2 further comprising:

means for generating a trial lift load factor command

The signal 71 representing the modified lift load factor
command may be generated as shown in FIG. 7. This
signal i1s dependent upon signals 16, 17 and 72 respec-
tively representing the (unmodified) lift load factor
command, Nz, bank angle command, ¢, and aircraft
bank angle, ¢. The nonlinear function element 73 imple-
ments the cosine of the bank angle error function for a
range of error magnitude from zero to ninety degrees.

Alternatively, the signal representing modified lift
load factor may be generated as shown in FIG. 7, but
using alternative signals 116 and 117 in place of signals
16 and 17 respectively representing (unmodified) lift
load factor command, N, and bank angle command,
Pe.

The magnitude of the turn rate error for the modified
hift load factor command, N, above is

30

35

4.
resents the component of commanded path turn rate in
the transverse plane and the second signal represents
the component of commanded path turn rate in the

40 vertical plane as compensated for gravitational path
turn rate.

S.
product of:

signal, the trial lift load factor command signal
generating means having inputs from the first and
second signals; and

means for comparing the trial lift load factor com-

mand signal with a predetermined upper limit and
for modifying the lift load factor attenuation signal
when the trial lift load factor command signal ex-

ceeds the predetermined upper limit.
The system of claim 3 wherein the first signal rep-

The system of claim 4 wherein: the first signal is the

a signal representing target bearing angle between a

45
gN . N1 - cos®(b, — &) 7V, cos(b, — d) = 0
gsz/V. CGS{‘b[‘ " d)) < 0
whereas for the (unmodified) lift load factor command, SO

Nzc, lt iS:

vertical plane containing the aircraft direction of
travel and a vertical plane containing the aircraft

and the target;

a predetermined dynamic performance parameter;
a signal representing cosine of vertical path angle;

and

the lift load factor attenuation signal;

and the second signal 1s the product of:

\v]?gNz,; \I | — cos(d, — b)) /V

55
While a large angle, gravity compensated, bank-to-

turn pursuit controller has been described in what is
presently considered to be a preferred embodiment of
the invention, it will be apparent to those skilled in the
art that various changes and modifications may be made ¢
in the structure and in the instrumentalities utilized
without departing from the true spirit and scope of the
invention.

We claim:

1. A system for accomplishing bank-to-turn pursuit g5
steering of an aircraft, comprising:

Means for generating a lift load factor attenuation

signal;

a signal representing the angular difference between

target elevation in a vertical plane containing the
aircraft and the target and the vertical path angle;

the predetermined dynamic performance parameter;

and

the lift load factor attenuation signal;
combined with a signal representing gravitational path
turn rate.

6. The system of claim 3 wherein the means for gener-
ating the tral lift load factor command signal includes:

means for squaring each of the first and second sig-

nals;

means for summing the squared first and second sig-

nals:

means for forming a square root of the sum of the

squared first and second signals; and
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means for forming a product of the positive value of

the square root, a signal representing aircraft speed

and a parameter representing the inverse of gravi-
tational acceleration.

7. The system of claim 3 including means for compar- 5
ing the tnal lift load factor command signal with said
predetermined upper limit, and means for modifying the
trial Iift load factor command signal when the trial lift
load factor command signal initially exceeds the prede-
termined upper limit, means coupling the modified lift
load factor attenuation signal to said generating means
to cause the trial lift load factor command signal to
equal the predetermined upper limit.

8. The system of claim 7 wherein the means for gener-
ating the lift load factor command signal includes:

means for squaring each of the first and second sig-

nals:

means for summing the squared first and second sig-

nals;

means for forming a square root of the sum of the 20

squared first and second signals; and

means for forming a product of the positive value of

the square root, a signal representing aircraft speed

and a parameter representing the inverse of gravi-
tational acceleration;
and wherein the means for generating the bank angle
command signal includes:

means for dividing the first signal by the second sig-

nal; and

means for computing a bank angle command signal

representing an angle whose tangent is equal to the

quotient of the first and second signals considering
the signs of the first and second signals for estab-
hishing the quadrant of the angle represented.

9. The system of claim 4 wherein:

the first signal is the product of:

» a signal representing the sine of target bearing
angle between a vertical plane containing the
aircraft direction of travel and a vertical plane
containing the aircraft and the target;

a signal representing the cosine of elevation angie
for the line of sight from the aircraft to the target
as determined in the vertical plane containing
said line of sight;

a signal representing the ratio of the magnitude of 45
an angle between the atrcraft direction of travel
and the line of sight from the aircraft to the tar-
get to the sine of said angle;

a predetermined dynamic performance parameter;
and

the hft load factor attenuation signal;

and the second signal i1s the product of:

a third signal consisting of:
the product of the signal representing the cosine

of the atrcraft vertical path angle, and a signal
representing the sine of elevation angle for the
line of sight from the aircraft to the target as
determined in the vertical plane containing
said line of sight;

combined with:
the product of a signal representing the sine of

the atrcraft vertical path angle, the signal rep-
resenting the cosine of elevation angle for the
line of sight from the aircraft to the target as
determined in the vertical plane containing
said line of sight, and a signal representing the
cosine of target bearing angle between a verti-
cal plane containing the aircraft direction of
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travel and the vertical plane containing the
aircraft and the target;
the signal representing the ratio of:
the magnitude of the angle between the aircraft
direction of travel and the line of sight from
the aircraft to the target;
to the sine of said angle;
the predetermined dynamic performance parame-
ter; and
the lift load factor attenuation signal;

combined with a signal representing gravitational

path turn rate.

10. The system of claim 1 further comprising means
for modifying the lift load factor command signal in-
cluding:

means for generating a difference signal representing

the difference between the bank angle command
signal and a signal representing actual aircraft bank
angle;

means for comparing the magnitude of the difference

signal with a predetermined level;

means for generating a modified lift load factor com-

mand signal which is zero if the predetermined

level 1s exceeded by the magnitude of the differ-

ence signal, and which is the product of:

the lift load factor command signal; and

a signal representing the cosine of the angle repre-
sented by the difference signal;

if the predetermined level is not exceeded by the

magnitude of the difference signal.

11. A system for accomplishing bank-to-turn pursuit
steering of an aircraft; comprising:

means for generating a lift load factor attenuation

signal;

means for generating a first signal representing com-

mand path turn rate in the transverse plane in re-
sponse to and as a function of the lift load factor
attenuation signal;

means for generating a second signal representing

commanded path turn rate in -the vertical plane
compensated for gravitational path turn rate in

response to and as a function of the lift load factor

attenuation signal;

means for generating a trial lift load factor command
signal, the trial lift load command signal generating
means having inputs from the said first and second
signals;

means for comparing the trial lift load factor com-
mand signal with a signal representing a predeter-
mined upper level limit and means for modifying
the said lift load factor attenuation signal when the
trial lift load factor command signal exceeds the
predetermined upper limits;

means for generating a lift load factor command sig-
nal when the trial lift load command signal is less
than or equal to the upper limit, the said lift load
factor generating means having inputs of the said
first and second signals;

means for generating a bank angle command signal
when the trial lift load factor command signal is
less than or equal to the upper limit, said bank angle
command signal generating means having inputs of
the said first and second signals; and

means for coupling said bank angle command and lift
attenuation signals to the aircraft bank angle and
lift adjusting surface control elements to modify
the aircraft bank angle and lift.
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12. The system of claim 11 wherein the initial value of

the lift load factor attenuation signal is unity.
13. The system of claim 12 wherein:
the first signal 1s the product of:
a signal representing target bearing angle between 5
a vertical plane containing the aircraft direction
of travel and a vertical plane containing the air-
craft and the target;
a predetermined dynamic performance parameter;
a signal representing cosine of vertical path angle;
and
the lift load factor attenuation signal;

and the second signal is the product of:
a signal representing the angular difference be-

tween target elevation in a vertical plane con- 15
taining the aircraft and the target and the aircraft
vertical path angle;

the predetermined dynamic performance parame-
ter; and |

the lift load factor attenuation signal;
combined with a signal representing gravitational

path turn rate.
14. The system of claim 12 wherein the means for

generating the trial lift load factor command signal

includes:
means for squaring each of the first and second sig-

nals;
means for summing the squared first and second sig-

nals;
means for forming a square root of the sum of the 30

squared first and second signals; and
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means for forming a product of the positive value of
the square root, a signal representing aircraft speed
and a parameter representing the inverse of gravi-
tational acceleration.

15. The system of claim 12 wherein when the trial Lift
load factor command signal initially exceeds the prede-
termined upper limit, the modified lift load factor atten-
uation signal causes the trial lift load factor command
signal to equal the predetermined upper limit.

16. The system of claim 15 wherein the means for
generating the lift load factor command signal includes:

means for squaring each of the first and second sig-

nals;

means for summing the squared first and second sig-

nals;

means for forming a square root of the sum of the

squared first and second signals; and

means for forming a product of the positive value of

the square root, a signal representing aircraft speed
and a parameter representing the inverse of gravi-
tational acceleration;
and wherein the means for generafing the bank angle
command signal includes:

means for dividing the first signal by the second sig-

nal; and

means for computing a bank angle command signal

representing an angle whose tangent is equal to the
quotient of the first and second signals considering
the signs of the first and second signals for estab-

lishing the quadrant of the angle represented.
¥ * ¥ *
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